Peripheral blood mononuclear cells were isolated from noninfected control cows and from cows with either subclinical or clinical paratuberculosis (Johne s disease). Cells were incubated for 6, 1 2 , 2 4, and 48 hours in complete medium with the following mitogens: concanavalin A (ConA), phytohemagglutinin-P (PHAP), pokeweed mitogen (PWM), and Escherichia coli lipopolysaccharide. In addition, cells were incubated for the same time periods with a Mycobacterium paratuberculosis sonicate (MpS ) and live and heat-killed M. paratuberculosis at 1 0:1 bacteria : cell ratio. After incubation, cell-free supernatants were analyzed for y-interferon ( noninfected control animals generally followed the pattern of those of subclinical animals. After incubation with cells from clinical cows and noninfected controls. S timulation of cells with heat-killed or live M. paratuberculosis in response to M. paratuberculosis antigen may be an important diagnostic tool for the detection of paratuberculosis in subclinically affected animals.
Paratuberculosis (Johne s disease) is a chronic granulomatous enteritis in ruminants. 5 Mycobacterium paratuberculosis, the causative agent of paratuberculosis, is an intracellular pathogen that survives and replicates within host macrophages. 1 7 S timulation of antimycobacterial macrophage function is highly dependent upon T cells and their secreted products. Inresponsible for inducing macrophage tumor cell lysis, release of reactive oxygen and nitrogen intermediates, expression of major histocompatability complex class II antigens, and secretion of arachidonic acid metabolites. 1 2 Therefore there is a distinct relationship besubsequent ability to kill intracellular pathogens.
The immune response of animals infected with M. paratuberculosis may behave in a paradoxical manner, depending upon the stage of the disease. Paratuberculosis infections may be characterized by a cell-mediated response, a humoral response, both, or neither (anergy) . 1 In the early stages of infection, a cell-mediated immune response predominates, with active proliferation and differentiation of T cells. However, as disease progresses to a more clinical stage a humoral response is primary and cell-mediated responsiveness From Materials and methods Cell culture system. Peripheral blood mononuclear cells (PBMC) were isolated from Holstein cows of various ages and parity and of known infection status. Animal groups consisted of 5 control (noninfected) cows and 7 subclinically and 5 clinically infected cows. Animals infected with M. paratuberculosis were classified as subclinical or clinical by the number of organisms shed in their feces and the presence of overt signs of clinical disease. S ubclinical disease was defined by shedding low numbers of organisms in the feces (£ 1 0 colony-forming units [CFU]/g feces), whereas clinical disease was defined by high numbers of M. paratuberculosis in the feces (> 1 00 CFU/g feces). Clinical disease was also defined by emaciation, inappetence, and severe diarrhea.
B uffy coat fractions were diluted in 0.1 5 M phosphatebuffered saline (PBS , pH 7.0) , layered over Percoll a of density 1 .084 g/ml and centrifuged at 450 x g for 40 min. The PBMC were aspirated from the interface, washed twice with 0.1 5 M PB S , and resuspended in RPMI-1 640 tissue culture medium containing 2 5 mM HEPES , 2 mM L-glutamine, b penicillin G (2 00 U/ml), and streptomycin sulfate (2 00 g/ml). c Cell viability was determined using propidium iodide exclusion. Cells were plated at a density of 4 x 1 0 5 /well in 48-well polystyrene tissue culture plates. d Culture medium contained 1 0% fetal bovine serum. e Cells were cultured with medium alone (nonstimulated) or with 1 of the following mitogens: concanavalin A (ConA), phytohemagglutinin (PHAP), lipopolysaccharide (Escherichia coli 055:B 5; LPS ), or pokeweed mitogen (PWM). c Cells were also plated with live or heat-killed M. paratuberculosis or a whole cell sonicate of M. paratuberculosis (MpS ) . S tock preparations of M. paratuberculosis (strain 1 9698) f were diluted to yield 1 0:1 bacteria : cell ratio in culture. Heat-killed M. paratuberculosis were treated at 85 C for 1 0 min. The MpS was prepared by sonication of 1 -ml volumes of M. paratuberculosis (1 x 1 09/ ml) at 2 5 W for 2 5 min, g and a protein concentration was determined. h Final concentration of each mitogen and the MpS in culture was 1 0 g/ml. Cultures were incubated for 6, 1 2 , 2 4, or 48 hr at 3 9 C in a 5% CO 2 humidified atmosphere. Cell-free supernatants were harvested and frozen at using a commercial kit. i S upernatants were incubated in 96for 1 hr at room temperature. After washing with PB S , plates idase conjugate for 3 0 min at room temperature. Plates were washed again and incubated with substrate solution (tetramethylbenzidine) for 3 0 min at room temperature. Dilute hydrochloric acid was added to each well as a stop solution, and plates were read on an MR7000 microplate reader j at A 65 0nm l in each assay, and a linear regression analysis was performed.
S tatistical analyses. S tatistical evaluation of all results was performed by 2 -way analysis of variance, and significant differences between group means were tested with Fisher s protected least significant difference test. A commercial statistics software program was used to make these statistical analyses. 1 Results production. similar in nonstimulated cultures of PB MC after 6, 1 2 , and 2 4 hours of incubation regardless of animal infec-blood mononuclear cells isolated from noninfected control cows (n = 5) and cows with subclinical (n = 7) and clinical (n = 5) paratuberculosis. Cells were stimulated with medium alone (nonstimulated) for 6, 1 2 , 2 4, and 48 hours. Cell-free supernatants were harvested -S EM; * P < 0.05. tion status (Fig. 1 ) . At 48 hours, basal production of all animals and was significantly higher (P < 0.05) for animals with clinical disease than for subclinically infected cows. When stimulated with ConA, PBMC from subclinically infected animals produced significantly with clinical paratuberculosis at all time points (Fig.  2 ) . Values for control animals were not different from those of either of the infected groups but were closer to those for subclinical animals. After 6 hours of incubation, cells isolated from subclinical animals and
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Hours of Incubation blood mononuclear cells isolated from noninfected control cows (n = 5) and cows with subclinical (n = 7) and clinical (n = 5) paratu-blood mononuclear cells isolated from noninfected control cows (n berculosis. Cells were stimulated with 1 0 g/ml phytohemagglutinin = 5) and cows with subclinical (n = 7) and clinical (n = 5) paratu-(PHAP) for 6, 1 2 , 2 4, and 48 hours. Cell-free supernatants were berculosis. Cells were stimulated with 1 0 g/ml lipopolysaccharide (LPS ) for 6, 1 2 , 2 4, and 48 hours. Cell-free supernatants were haras means -S EM; * P < 0.05. means -SEM; * P < 0.05. stimulated with PHAP produced significantly higher infected controls and clinically ill animals (Fig. 3 ) . However, at 1 2 , 2 4, and 48 hours of incubation, cells isolated from cows with clinical disease produced siginfected and subclinically infected animals. A similar effect was observed for these treatment groups when cells were stimulated with PWM (Fig. 4) . The amount clinical animals (P < 0.05) than for the other 2 groups at all time points. There were no significant effects of infection status on -IFN production for cells stimu-Time Figure 4 . Interferon-gamma ( -IFN) production by peripheral Figure 6 . Interferon-gamma ( -IFN) production by peripheral blood mononuclear cells isolated from noninfected control cows (n blood mononuclear cells isolated from noninfected control cows (n = 5) and cows with subclinical (n = 7) and clinical (n = 5) paratu-= 5) and cows with subclinical (n = 7) and clinical (n = 5) paratuberculosis. Cells were stimulated with 1 0 g/ml pokeweed mitogen berculosis. Cells were stimulated with 1 0 g/ml M. paratuberculosis (PWM) for 6, 1 2 , 2 4, and 48 hours. Cell-free supernatants were sonicate for 6, 1 2 , 2 4, and 48 hours. Cell-free supernatants were harvested and analyzed for -IFN by ELISA. Values are presented harvested and analyzed for IFN by ELISA. Values are presented as means -S EM; * P < 0.05.
as means -S EM; * P < 0.05. lated with LPS at 6, 1 2 , or 2 4 hours (Fig. 5 ). However, after 48 hours of incubation, cells isolated from subclinical animals secreted significantly less -IFN (P < 0.05) than did cells from noninfected control animals.
Effects of antig en stimulation of PBMC on -IFN production. Incubation of PBMC with MpS for 1 2 , 2 4, or 48 hours resulted in significantly higher levels of IFN (P < 0.05) for subclinically infected animals than for noninfected and clinically infected animals (Fig. 6 ). Although the same pattern of -IFN production was noted after 6 hours of incubation, means were not statistically different. S imilarly, activation of cells with either live or heat-killed whole cell preparations (Figs. 7, 8) . Overall, there was a general trend for a and 48 hours of incubation when cells were stimulated with M. paratuberculosis antigen. In contrast, a more abrupt increase in -IFN production was noted between 1 2 and 48 hours for cells stimulated with nonspecific activators such as ConA, PHAP, LPS , and PWM.
Discussion
The paradigm of the immune response after infection with M. paratuberculosis suggests a strong cellmediated response in the early subclinical stages of the disease. 6 In contrast, the cell-mediated response is much weaker during clinical disease, and a humoral imm response predominates. 6 Antibodies produced to une M.. paratuberculosis are not necessarily protective, so clinical animals are essentially bereft of immune protection. Rather, serum antibodies to paratuberculosis are more valuable as diagnostic tool s in the detection of disease in a herd of unknown status. Antibodies can be detected by agar gel immunodiffusion, complement fixation, or ELIS A with varying degrees of sensitivity and specificity. 1 1 ,1 3,1 6 Unfortunately, because of the nature of the immune response to mycobacterial infections, serologic assays are of little to no value in detecting subclinical infection. 1 4 The data presented in this study demonstrate the detection of subclinical paratuberculosis. Currently, there are very few assays that can measure antigen-specific cell-mediated immune responses in cattle. The delayed-type hypersensitivity (DTH) reaction is an in vivo measurement of T-lymphocyte responsiveness to a sensitized antigen and is conducted by intradermal inoculation of a johnin (paratuberculosis) antigen. 5 After 2 4-48 hours, skin thickness in the area of inoculation is measured, and changes > 5 mm are considered positive reactions. This test is limited by its low sensitivity and specificity and is used infrequently in the United S tates. 9 S ome groups are opposed to the use of this test because the extensive cross-reactivity among mycobacterial species precludes a definitive diagnosis and may complicate the detection of other mycobacterial diseases, such as bovine tuberculosis. Measurement of lymphocyte proliferation after in vitro incubation with M.. paratuberculosis antigens is another method to measure cell-mediated immune function. 3 4 Proliferation is based upon the incorporation of radiolabeled nucleic acids during mitotic division of stimulated lymphocytes. Like the DTH test, this assay lacks sensitivity and mycobacterial species specificity, but it also is limited in value because it is labor intensive and requires long incubation times. The most current and perhaps effective measure of cell-mediated immunity in animals with paratubermercially h and is designed to measure the amount of -IFN produced by bovine lymphocytes stimulated with mycobacterial antigens. Whole blood is incubated with M. avium or M. bovis purified protein derivatives (PPD) for 2 4 hours, then cultures are centrifuged and plasma is harvested. Interferon levels in the plasma are detected using antibodies against bovine -IFN in an ELIS A system. Values are then expressed as ratios of the responses of cells to both antigens. A preferential response to M. avium indicates that the animal has been exposed to M. paratuberculosis and is likely infected. Disadvantages to this test are the lack of specific antigens to M. paratuberculosis, so cross-reactivity frequently occurs. In addition, the lack of a nonspecific T-cell stimulator such as ConA or PHAP in the assay makes it difficult to assess the presence of false-positive or false-negative responders. Although this test was originally developed to detect bovine tuberculosis, it has recently been evaluated for detection of paratuberculosis infection. 2,1 5 When compared with the absorbed ELIS A for measuring antibody production, the -IFN assay was able to detect a higher percentage of cows with subclinical and clinical paratuberculosis. In contrast, the ELIS A detected a high percentage of clinically ill animals but was relatively insensitive at detecting subclinically affected animals in the herds. 2 Incorporation of a sonicate or whole-cell preparation of M. paratuberculosis in the present assay system resulted in antigen-specific -IFN production by peripheral blood mononuclear cells. Although cells stimulated with M. paratuberculosis antigens secreted substantially less IFN than cells stimulated with mitogens, the responses for control and clinically ill animals were consistently lower than responses for subclinically affected animals. Use of the M. paratuberculosis antig ens provided excellent delineation between responses from cows with subclinical and clinical paratuberculosis. Further, in the present study we observed a significantly reduced T-cell response for clinically ill animals as compared with subclinically affected and noninfected control cows upon stimulation of cells with T-cell mitogens ConA and PHAP. After stimulation of cells with PWM, a T-cell-dependent B -cell mitogen, responses were again reduced for clinically infected animals. Reduced ConA-mediated proliferation of cells isolated from animals with clinical paratuberculosis compared with proliferation of cells from noninfected controls has been observed by others. 1 0 In the present study, stimulation of bovine cells with LPS, a macrophage and nonspecific B-cell activator, resulted in higher yields of -IFN secreted by clinically ill animals. Although production of -IFN by nonstimulated cells increased substantially between 2 4 and 48 hours of incubation for all groups, it was significantly higher for clinically ill cows. This finding is difficult to explain and would suggest that upon incubation for extended periods of time mononuclear cell preparations spontaneously secrete some factor(s) that result in T-cell activation. Incorporation of M. avium PPD in this assay system resulted in nonspecific production of low levels of IFN by noninfected control cows, a relatively infrequent occurrence when using the M. paratuberculosis antigen preparations. In contrast, incu-bation of cells isolated from control or paratuberculosis-infected animals with M. bovis PPD was relatively sults indicate that both specific and nonspecific activation of T-cell-mediated immunity is far stronger in subclinically affected animals than in those with clinical disease.
